This study aimed to investigate the clinical significance, potential biological function and underlying mechanism of RPS15A in gastric cancer (GC) progression. RPS15A expression was detected in 40 pairs of GC tissues and matched normal gastric mucosae (MNGM) using qRT-PCR analysis. Immunohistochemistry assay was conducted using a tissue microarray including 186 primary GC samples to characterize the clinical significance of RPS15A. A series of in vitro and in vivo assays were performed to elucidate the biological function of RPS15A in GC development and underlying molecular mechanisms. The expression of RPS15A was significantly upregulated in GC samples compared to MNGM, and its expression was closely related to TNM stage, tumour size, differentiation, lymph node metastasis and poor patient survival. Ectopic expression of RPS15A markedly enhanced the proliferation and metastasis of GC cells both in vitro and in vivo. RPS15A overexpression also promoted the epithelial-mesenchymal transition (EMT) phenotype formation of GC cells.
| INTRODUCTION
Gastric cancer (GC) is one of the most aggressive malignancies with a high incidence and metastasis rate, accounting for an estimated annual 720 000 deaths worldwide. 1 Despite important advances in diagnosis and therapeutic strategies, the 5-year survival rate of GC, especially patients with metastatic GC, is still low. 2 Therefore, identification and better understanding of novel biomolecules and signalling pathways involved in GC progression remain of great importance.
Like nearly all cancer types, metastasis represents the main cause of death in GC patients. The initial stage of metastatic progression is essentially dependent on the prominent biological event referred to as epithelial-mesenchymal transition (EMT). 3 During the EMT process, epithelial cells lose their junctions and apical-basal polarity, reorganize their cytoskeletons, undergo a change in the signalling programs that define cell shape and reprogram gene expression. 4 Biologically, EMT is a complex process that is typically driven by aberrant activation of transcription factors such as Slug, Snail, ZEB1, ZEB2 and Twist, as well as various signalling pathways, including NF-κB, Wnt, Notch, Hedgehog, TGF-β and others. 5 The NF-κB signalling pathway has been widely demonstrated as one of the most commonly activated and essential pathways for EMT and GC metastasis. [5] [6] [7] The core of this pathway, transcription factor NF-κB, consisting of two distinct subunits, p50 and p65, is subject to multiple levels of control. In non-stimulated cells, NF-κB is normally sequestered in the cytoplasm through interaction with the general inhibitors of NF-κB (IκBs), the best characterized of which is IκB-α. Upon activation of the pathway, IκB-α is phosphorylated by IκB kinases (IKK). 8 Such phosphorylation triggers IκB-α degradation by ubiquitin-mediated proteolysis, and promotes the release and relocalization of NF-κB (p65/p50) to the nucleus, where it exerts its role in gene expression. 9 Despite these multiple levels of tight regulation, however, molecular mechanisms causing constitutive activation of NF-κB signalling are still largely unknown.
Ribosomal protein S15A (RPS15A), a member of the RPS family, maps to human chromosome 16p12.3 locus and encodes a highly conserved 40S ribosomal protein. RPS15A promotes the binding of capped mRNA to the small ribosomal subunit at the early stages of translation. 10 RPS15A has also been identified as Ca2+/CaM binding partner modulating ribosome assembly and translation. 11 Meanwhile, increasing evidence indicates that RPS15A, like other RPS family proteins, exhibits various extra-ribosomal functions, such as cell division, tumourigenesis and progression. 12 In response to induction of transforming growth factor-β, RPS15A enhances cell growth of lung cancer. 13, 14 Down-regulation of RPS15A induces apoptosis and inhibits proliferation of human glioblastoma cells in vivo and in vitro via AKT pathway. 15, 16 In addition, RPS15A promotes malignant transformation of colorectal cancer through misregulation of p53 signalling pathway. 17 However, the clinical significance, potential biological function of RPS15A in GC progression and underlying mechanisms remain unclear.
In this study, we investigated the role of RPS15A in GC development. Our data revealed that RPS15A is significantly up-regulated in GC tissues and associated with poor prognosis. By gain-and loss-offunction studies, we demonstrated that RPS15A promotes the proliferation, migration and invasion of GC cells both in vitro and in vivo.
Mechanically, RPS15A activates the Akt/IKK-β/NF-κB signalling pathway to enhance EMT and GC progression. 
| MATERIALS AND METHODS

| Patients and tissue samples
| Plasmid construction and transfection
For RPS15A knockdown, the target sequence was sh-1: 5ʹ-AAA GAG AGG CAA ACG CCA GGT GC-3ʹ; sh-2: 5ʹ-CCA AAG TCA TCG TCC GGT TTC TC-3ʹ. pLenti-hU6-MCS-CMV (Biolink, Shanghai, China) was used for shRNA plasmid construction. For RPS15A overexpression, RPS15A sequence was PCR-amplified and subcloned into the pLOV-EF1a-EGFP-P2A plasmid (Oobio, Shanghai, China) for lentivirus production. Plasmid sequences were confirmed by DNA sequencing before use. The transfection was performed using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA).
| Quantitative real-time PCR (qRT-PCR), Western blotting, immunofluorescence assays
Quantitative real-time PCR (qRT-PCR), Western blotting and immunofluorescence assays were performed as previously described. 4 The primers were described in Table S1 .
| Immunohistochemistry (IHC) analysis
Immunohistochemistry was performed on tissue microarrays including 186 primary GC samples. The staining score was calculated based on the intensity and extent of staining. Briefly, the staining intensity scores (0, negative; 1, weak; 2, moderate; 3, strong) and staining area scores (0, 0%-5%; 1, 6%-25%; 2, 26%-50%; 3, >50%)
were summed up to give a total score, and a total score ≥3 was considered as significant overexpression and noted as "RPS15A high" to simplify data analysis.
| Cell proliferation assay
Indicated cells were seeded into 96-well plates at a density of 2 × 10 3 /well for culture, and cell proliferation was measured using CCK-8 reagents (Dojindo, Kumamoto, Japan). The staining intensity in the medium was documented every 24 hours for 5 days. Each experiment was repeated three times and five wells were used for each time-point per group.
| Colony formation assay
Cells were seeded into six-well plates at a density of 1×10 3 cells/well and cultured in complete medium at 37°C in 5% CO 2 for 14 days. 
| Wound-healing assay
Cells were seeded in six-well plates with complete medium and cultured until they reached confluence. Then a linear wound about 300-500 μm wide was generated with a standard 200 μL pipette tip.
Wounded monolayers were washed twice with 1xPBS to remove non-adherent cells. Wound closure was examined and photographed at pre-determined time-points (0, and 48 hours) in five random microscopic regions.
| Transwell invasion assay
About 5×10 
| In vivo tumour growth assay
The transduced cells (2×10 6 ) were injected subcutaneously into the groin of 4-to 6-week-old male nude mice (n = 5 for each group) (Institute of Zoology, Chinese Academy of Sciences, Shanghai, China). Tumours were measured every 4 days, and tumour volumes were calculated using the following formula: Volume (mm 3 ) = 4π/ 3 × (width/2) 2 × (length/2). One month after inoculation, all mice were killed. Tumour xenografts were collected, photographed and weighed.
| Lung metastasis model
A lung metastasis model was generated to validate the effect of RPS15A on GC metastatic ability in vivo by injecting the transduced cells (5 × 10 6 ) into the tail veins of nude mice (n = 5 for each group).
All mice were killed 6 weeks after operation, and the lungs were then removed for pathologic examination, H&E staining and count of the lung metastatic nodules. The animal study was performed according to the Animal Care Guidelines of FUSCC, Shanghai, China.
| RNA-seq and computational analysis
RNA-seq was performed using Hiseq3000 (Illumina, USA). LifeScope v2.5.1 was used to align the reads to the genome, generate raw counts corresponding to each known gene and calculate the RPKM (reads per kilobase per million) values. KEGG enrichment was used for the pathway analysis.
| Luciferase reporter assay
The response element of NF-κB was subcloned into the pGM-CMVLuc vector (Yeasen, Shanghai, China). The final constructs were confirmed by DNA sequencing. Firefly luciferase activity was normalized to that of Renilla luciferase. Luciferase activity was detected using the dual-luciferase reporter assay system (Promega) according to the manufacturer's instructions.
| Statistical analyses
Data were analysed using one-way analysis of variance or Student's t test for comparison between groups. The protein expression levels and clinicopathological parameters were compared by χ 2 test. Survival curves were plotted with the Kaplan-Meier method and compared using the log-rank test. P < 0.05 with a two-sided test was considered to be statistically significant. Statistical analyses were performed with GraphPad Prism software Version 5.0 (San Diego, CA, USA).
| RESULTS
| RPS15A is up-regulated in GC patients and associated with poor prognosis
We first examined RPS15A mRNA levels in 40 pairs of GC and matched normal gastric mucosae (MNGM). The results showed that RPS15A mRNA was significantly increased in GC tissues compared with MNGM ( Figure 1A ). Similarly, up-regulation of RPS15A in GC LIU ET AL.
| 2209 tissues was also confirmed at the translational level using Western blotting analysis ( Figure 1B ). In addition, we evaluated the RPS15A expression levels in normal gastric epithelial cell GES-1 and a panel of GC cell lines. According to Western blotting results, elevated expression of RPS15A was observed in all seven GC cell lines compared to GES-1 ( Figure 1C ). Taken together, these findings indicated that RPS15A is significantly up-regulated in GC patients.
In order to determine the clinical significance of RPS15A overexpression in GC, immunohistochemistry analysis was performed using tissue microarrays including 186 primary GC samples. The immunostaining score of RPS15A was evaluated on the basis of staining intensity and extent, and all patients were categorized into high or low RPS15A expression group to simplify data analysis ( Figure 1D ).
We then analysed the relationship between RPS15A expression and clinicopathological characteristics in GC patients, and found that RPS15A expression was closely correlated with aggressive phenotypes of GC, including TNM stage, tumour size, differentiation and lymph node metastasis (Table 1) . Furthermore, Kaplan-Meier analysis indicated that GC patients with higher RPS15A expression had markedly reduced overall survival (OS) and disease-free survival (DFS) ( Figure 1E ,F). Subsequent multivariate Cox regression analysis demonstrated that elevated RPS15A expression remained an independent prognostic factor for poor OS and DFS of GC patients (Table 2) . Collectively, RPS15A expression is significantly up-regulated in GC patients and contributes to poor prognosis.
| RPS15A enhances the malignant phenotypes of GC cells in vitro
To assess the role of RPS15A in GC development, we performed loss-and gain-of-function studies in GC cells. We constructed a len- F I G U R E 1 RPS15A is up-regulated in GC patients and associated with poor prognosis. A, The mRNA levels of RPS15A in 40 GC tissues and paired normal gastric mucosae (PNGM) were determined by qRT-PCR. GAPDH was used as an internal control. **P < 0.01 by Student's t test. B, The protein levels of RPS15A in six pairs of GC tissues (T1-T6) and PNGM (N1-N6) were evaluated by Western blotting. GAPDH was used as an internal control. C, RPS15A expression levels in normal gastric epithelial cell line GES-1 and 7 GC cell lines were examined by Western blotting analysis. GAPDH was used as an internal control. D, Immunohistochemistry (IHC) assay of RPS15A expression was performed using a tissue microarray including 186 primary GC tissues. Representative IHC images showed high and low expression of RPS15A in GC tissues, respectively; scale bar = 200 μm. (E-F) Influence of RPS15A expression patterns on overall survival (OS) and disease-free survival (DFS) by Kaplan-Meier analyses (Log-rank test). Low expression of RPS15A, n = 70; high expression of RPS15A, n = 116
| RPS15A promotes GC cell growth and metastasis in vivo
To determine the effects of RPS15A on GC cell growth in vivo, xenograft tumour assay was performed in nude mice. As shown in Figure 3A , the tumours from RPS15A-overexpressed MGC-803 cells showed more active proliferative ability than the control group (n = 5 for each group). At the end-point, the average tumour volume and weight were dramatically increased in MGC-803-RPS15A group compared to the control group ( Figure 3A-C) . Overall, RPS15A promotes the tumourigenesis of GC in vivo.
To further investigate the in vivo effect of RPS15A on metastasis, we established a lung metastasis model by injecting stable MKN-28-knockdown and control cells into the tail veins of nude mice (n = 5 for each group). All mice were sacrificed 6 weeks after injection, and the lungs were then dissected out for histological analysis.
As shown in Figure 3D ,E, lung metastasis was found in 20.0% (1/5) of mice in the RPS15A-silencing group compared with 100% (5/5) in the control group. In addition, a marked less number of lung metastatic nodules was observed in the RPS15A-silencing group compared with the control group. These results indicate functional significance of RPS15A in GC metastasis.
| RPS15A induces EMT in GC cells
Given that epithelial-mesenchymal transition (EMT) is considered a striking feature of most cancers and plays a crucial role in cancer metastasis and invasion, 5 we then examined whether EMT might be an underlying mechanism for RPS15A-induced GC metastasis. As shown in Figure 4A Figure 4A,B) . In addition, the involvement of EMT was further supported by immunofluorescence assay (Figure 4C ). Taken together, these findings demonstrated that RPS15A
induces EMT in GC cells.
| RPS15A promotes EMT through NF-κB signalling
To further explore the molecular mechanism by which RPS15A promotes GC development, RNA-seq analysis was introduced to obtain the transcriptional profiles of RPS15A-depleted MKN-28 and control cells. Subsequent KEGG enrichment analysis identified the NF-κB as the top-ranked signalling pathway ( Figure 5A ). We then performed luciferase reporter assay to validate above findings, and found that the NF-κB transcriptional activity was significantly activated by RPS15A overexpression, whereas markedly inhibited by RPS15A depletion ( Figure 5B ). Activation of NF-κB pathway is known to The bold number represents the P-values with significant differences. (Figure 5H,I ). Collectively, these data suggested that RPS15A promotes EMT through NF-κB signalling.
T A B L E 2 Multivariate analysis of factors associated with overall survival (OS) or disease-free survival (DFS) in gastric cancer
| RPS15A activates NF-κB through the Akt/ IKK-β pathway
NF-κB activation is known to be mediated through the Akt/IKK-β pathway. 20, 21 Previous study has demonstrated that RPS15A is involved in the activation of the Akt pathway in glioblastoma. 15 Thus, we hypothesized that RPS15A might activate NF-κB through the Akt/IKK-β pathway in GC cells. To test this, we first examined the effect of modified RPS15A on p-Akt and total Akt protein. The results revealed that a significant decrease of p-Akt, but not total Akt, was observed in RPS15A-depleted MKN-28 compared to control cells ( Figure 6A ). In contrast, RPS15A overexpression significantly increased p-Akt expression levels ( Figure 6A) . A key kinase for NF-κB activation is IKK-β, which releases subunit p65 from IkB-α and facilitates its nuclear translocation. 19 We then investigated whether RPS15A affects the status of IKK-β and IkB-α in GC cells.
The results suggested that RPS15A depletion decreased the abundance of both p-IKK-β (at Thr188) and p-IkB-α (at Ser32), whereas total IKK-β and IkB-α levels were unchanged ( Figure 6A ). In contrast, up-regulation of RPS15A led to increased phosphorylation of IKK-β and IkB-α ( Figure 6B ). Collectively, RPS15A activates the Akt/IKK-β pathway in GC cells.
To further validate the involvement of Akt and IKK-β in RPS15A-induced NF-κB activation, we adopted a pharmacologic approach.
We treated the RPS15A-overexpressed MGC-803 and control cells ) were injected into the tail vein of nude mice (n = 5 for either group) to establish a lung metastasis model. Representative results of H&E staining of lung metastatic nodules were shown. The metastatic nodules were indicated by arrows. E, The number of lung metastatic nodules was shown. ***P < 0.001 by Student's t test significantly blocked the p65 and p-p65 nuclear translocation that resulted from RPS15A overexpression ( Figure 6C) , suggesting that the RPS15A-induced NF-κB activation is indeed mediated by the Akt/IKK-β pathway.
| DISCUSSION
The promotive role of RPS15A in tumour progression has been increasingly recognized recent years, whereas the underlying molecular mechanism remains largely unclear. In this study, we highlighted the clinical significance and oncogenic role of RPS15A in GC evolution. Furthermore, we provided evidence that RPS15A activates the NF-κB pathway through Akt/IKK-β signalling axis, and consequently promotes EMT and GC metastasis (Figure 7) . Distant metastasis and invasion of cancer are responsible for more than 90% of cancer-related deaths. 22 Metastasis is a complex process that involves multiple sequential steps, including invasion of cancer cells into surrounding tissue, intravasation, survival in the F I G U R E 4 RPS15A regulated the expression of epithelial-mesenchymal transition (EMT) markers in the GC cells. A, qRT-PCR analysis of the expression of EMT markers (E-cadherin, vimentin and slug) in indicated GC cells with modified RPS15A expression. GAPDH was used as an internal control. **P < 0.01; ***P < 0.001 by Student's t test. B, Western blotting analysis of the expression of EMT markers (E-cadherin, vimentin and slug) in indicated GC cells with modified RPS15A expression. GAPDH was used as an internal control. C, Immunofluorescent staining of EMT markers (E-cadherin, vimentin and slug) in indicated GC cells with modified RPS15A expression. Targeted proteins were stained in red colour, and the nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) in blue colour.
circulation, arrest at distant organ sites, extravasation and growth of a macroscopic secondary tumour in distant organs. 23 Although numerous genes involved in GC metastasis were identified, metastatic mechanism of GC remains poorly understood. Previous studies have revealed that RPS15A is aberrantly overexpressed in various types of cancer, 14, 17, 24 and its expression could promote cell proliferation, tumour angiogenesis and inhibit cell cycle arrest and apoptosis. 15, 16, [24] [25] [26] [27] [28] However, the potential effect of RPS15A on cell F I G U R E 5 RPS15A promotes EMT through NF-κB signalling. A, Gene expression profiles from RPS15A-depleted MKN-28 and control cells.
The genes are shaded with green, black or red in the heat map to indicate low, intermediate or high expression respectively. B, MGC-803 and MKN-28 cells with modified RPS15A expression were transfected with NF-κB luciferase reporter plasmid, and subjected to luciferase reporter assay. Data were normalized against Renilla luciferase activity and represented as mean ± SD. **P < 0.01; ***P < 0.001 by Student's t test. C, Western blotting analysis of nuclear and cytoplasmic p-p65 and p65 protein expression in the indicated cells with modified RPS15A expression. Lamin B1 or GAPDH was used as internal control respectively. D, Subcellular p65 localization in indicated cells was assessed by immunofluorescence assay. p65 was stained in red colour, and the nuclei were stained with DAPI in blue colour. (E-F) qRT-PCR and Western blotting analyses of the expression of the NF-κB signalling target genes (ICAM1, VCAM1 and MMP9) in indicated GC cells with modified RPS15A expression. GAPDH was used as an internal control. **P < 0.01; ***P < 0.001 by Student's t test. G, RPS15A-overexpressed and control MGC-803 cells were transfected with si-p65, and then subjected to Western blotting analysis of EMT markers (E-cadherin, vimentin and slug). GAPDH was used as an internal control. (H-I) RPS15A-overexpressed and control MGC-803 cells were transfected with si-p65, and then subjected to colony formation (H) and transwell invasion assays (I). **P < 0.01; ***P < 0.001 by Student's t test invasion and metastasis has not been investigated. In parallel with these researches, we confirmed the up-regulation of RPS15A in 40
GC samples compared to paired normal tissues. We also evaluated the expression pattern of RPS15A with a tissue microarray consisting of 186 GC samples, and found that elevated expression of RPS15A is correlated to aggressive characteristics and poor prognosis. In addition, by gain-and loss-of-function studies, we demonstrated that RPS15A promotes the proliferation, migration and invasion of GC cells both in vitro and in vivo. Thus our data would be helpful to augment the tumour biology of RPS15A.
The initial stage of metastatic progression is essentially dependent on EMT. 3, 5 Nevertheless, a more in-depth understanding of the factors promoting EMT in GC and GC metastasis is urgently needed in order to identify specific biomarkers for improving GC prognosis and treatment. Here, by using qRT-PCR, Western blotting and immunofluorescence assays, we report that cells with high levels of F I G U R E 6 RPS15A activates NF-κB through the Akt/IKK-β pathway. A, Western blotting analysis of the expression of indicated proteins in RPS15A-knockdown and control MKN-28 cells. GAPDH was used as an internal control. B, RPS15A-overexpressed or control MGC-803 cells were treated with LY294002 (50 μmol/L) or DMSO for 2 h. Then indicated protein levels were assayed by Western blotting. Lamin B1 or GAPDH was used as an internal control respectively. C, RPS15A-overexpressed or control MGC-803 cells were treated with Bay117082 (20 μmol/L) or DMSO for 2 h. Then indicated protein levels were assayed by Western blotting. Lamin B1 or GAPDH was used as an internal control respectively.
F I G U R E 7
Proposed signalling pathways involved in RPS15A-induced GC metastasis. RPS15A activates the Akt/ IKK-β signalling axis, and then triggers IκB-α phosphorylation and degradation. Subsequently, the NF-κB (p65) is released from the p65/IκB-α complex and translocases to the nucleus, and consequently promotes EMT and GC metastasis.
RPS15A expressed low levels of E-cadherin, and high levels of vimentin and slug, suggesting that RPS15A may be a potent inducer of EMT, which may result in more invasive and metastatic GC cells. EMT markers and altered cell proliferation and motility that resulted from RPS15A overexpression. Thus, we could reasonably assume that RPS15A facilitates GC metastasis via NF-κB-regulated EMT.
The systematic control of the NF-κB pathway relies on the unique property of its major inhibitor, IκB-α. 33 Upon activation of the pathway, the IKK kinase complex phosphorylates IκB-α, inducing its degradation and promoting the release and relocalization of NF-κB to the nucleus, where it exerts its role in gene expression. 34, 35 Akt/IKK-β axis, known as the upstream signalling of NF-κB pathway, plays vital roles in promoting tumour cell survival, invasive behaviour and chemosensitivity in various malignancies. 9, 21, 36 A previous study has shown that RPS15A depletion leads to decrease in p-Akt level in glioblastoma cells. 15 In this study, to investigate the mechanism by which RPS15A induces p65 nuclear translocation, we adopted Akt inhibitor LY294002 or IKK inhibitor Bay117082. Our data suggested that both LY294002 and Bay117082 significantly interfered with the activation of Akt/IKK-β signalling induced by RPS15A overexpression. Thus we speculated that RPS15A activates NF-κB through the Akt/IKK-β pathway.
In conclusion, our study demonstrated that elevated expression of RPS15A is closely correlated with poor prognosis of GC patients and promotes EMT and GC progression via Akt/IKK-β/NF-κB signalling pathway, thus possibly providing a promising candidate for treatment against GC metastasis.
